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Abstract: Piano Key Weirs generate complex flow patterns in their vicinity. These patterns are not only variant in space but also
fluctuate over time. Time variant dynamics in the inlet key originate from the presence of separation bubbles which form at the
entrance edge to the inlet key. This turbulent bubble periodically sheds vortices which cause regular pressure undulations. In the
outlet key, a fluctuating zone of negative pressure can form under a drowned nappe under unaerated conditions. These two dynamic
pressure fields create unique forces on the sidewall which separates the inlet and outlet keys. They are thus the subject of a research
study utilizing both physical and numerical modelling to investigate their effect on the structural behaviour of this wall.
Keywords: Piano key weir, hydrodynamics, turbulence, separated flow, physical modelling, numerical modelling.

1.

Background on Piano Key Weirs

Piano Key Weirs (PKW) are a non-linear type of overflow weir which seek to reduce the overflow head for a given
discharge (Blancher et al. 2011). They are similar to the well-known labyrinth weir, which has a zig-zag shape in plan,
except that PKWs have a repeating rectangular profile in plan. What sets them apart is the presence of sloping bases
which guide flow toward and then away from the crest of the weir, although these bases need not necessarily be plane
and can be profiled or stepped to suit site-specific needs (Erpicum et al. 2017). Several such structures have been
constructed in recent years both as dam spillways (Goulours, Malarce, Charmines, in France) and as river regulation
works (Van Phong in Vietnam) (Erpicum et al. 2017).
The basic hydraulic behaviour of these structures is now fairly well understood but, seeing as the flow dynamics
around this hydraulic structure are fully three dimensional and dynamic in nature, they exhibit several transient
behavioural phenomena, which are less well understood. These space and time variant processes are the subject of a
study at the Stellenbosch University, South Africa. Of particular interest is how these hydrodynamic processes impact
on the structural behaviour of the weir and the possibility of fluid structure interaction between the two systems (Denys
et al. 2017).

Figure 1. Van Phong PKW weir (Vietnam)

Figure 2. Typical PKW cross section (Kabiri-Samani & Javaheri
2012)

A typical Type-A PKW is shown in Figure 1 and Figure 2. It indicates the typical elements, namely the upstream and
downstream overhangs, the inlet and outlet keys, as well as the sidewall which separates these keys. The regular shape
allows for numerous geometrical parameters to be identified, many of which have unique influences on not only the
discharge, but also the hydrodynamic behaviour of the structure. Each of these is described in greater detail in Pralong
et al. (2011).
One of the most relevant of these parameters from a discharge perspective, as well as the present study, is the width
of the inlet key, Wi (especially in relation to the width of the outlet key, Wo) (Pralong et al, 2011b). Another parametric
aspect, not shown here, which has a lesser effect on discharge but a decisive effect on the hydraulic behaviour, is the
presence of an upstream nose underneath the outlet key. It guides flow from the upstream water body into the inlet
keys on either side of the outlet key. Its presence, or lack thereof, plays a major role in the dynamic behaviour being
investigated.

2.

PKW hydraulic behaviour

The static hydraulic behaviour of a typical PKW is fairly well understood as determined by numerous recent
parametric studies (Machiels, 2012, Erpicum et al. 2011, Erpicum et al. 2013, Erpicum et al. 2017, Kabiri-Samani &
Javaheri 2012). These studies have shown that the path a flowline takes over a PKW is dictated by whether it
approaches the PKW from upstream of the inlet key or upstream of the outlet key. Approaching the inlet key, a
streamline remains relatively straight as it enters the key and is then forced upward to follow the slope of the base of
that key. Flow approaching the outlet key, however, bifurcates away from the middle of the key toward the inlet keys
on either side of it. The paths of these two converging streamlines are indicated by the two dark lines in Figure 3.
Due to these converging flowlines, upwards of 90% of the discharge which approaches the PKW enters the inlet key’s
entrance (Blancher et al. 2011, Pralong et al. 2011). Depending on the area of flow in the inlet key, this naturally leads
to large increases in the local velocity of the flow. This can be seen in Figure 3 as is the stagnation pressure zone
which develops underneath the outlet key. The remaining 10% of the flow discharges over the upstream end of the
outlet key.
In the standard, Type-A PKW, no nose is present to guide the flow approaching the outlet key into the inlet key. The
upstream transition between the two keys thus occurs around a sharp 90˚ corner. The lateral transfer of momentum at
this transition leads to the formation of a free shear boundary at the edge of the inlet key. This boundary layer does
eventually re-attach to the sidewall at some distance downstream, the location of which is related to the bubble’s mass
equilibrium and upstream turbulence (Tenaud et al. 2016). The zone behind the free shear boundary forms what is
known as a separation bubble and consists of a volume of relatively low-velocity and recirculating flow. This
phenomena is detailed further in the next sections.
A bubble of a different nature forms in the outlet key. As the flow discharges over the sidewall crest, the nappe profile
forms a conical cavity of air between it and the sidewall. The apex of this bubble is highly unstable and reflects a
balance between the longitudinal flow’s momentum in the upper portions of the outlet key versus the transverse
nappe’s free-fall trajectory (see Figure 17).
As the flow exits the outlet key and it enters the downstream water body (in the case of in-channel type PKWs), it
forms a hydraulic jump. This highly turbulent region entrains a great deal of air from the air cavity underneath the
overflow nappe and washes it downstream. The air cavity can then, at times, develop sub-atmospheric conditions,
which influences the nappe’s trajectory as well as the behaviour of the abovementioned air bubble in the outlet key.
There are thus two zones of fluctuating pressures on either side of the sidewall of the PKW. One on its upstream side
caused by the separated shear layer and the vortices it sheds, and one on its downstream side caused by the oscillating
and periodically sub-atmospheric air cavity underneath the nappe. The sensitivity of the PKW to these pressure
fluctuations is being investigated (Denys et al. 2017).
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Figure 3. Three views of typical streamlines over a PKW (3D, lateral and plan views)

3.

Physical and numerical modelling

The investigation into the transient features around a PKW incorporates both physical and numerical modelling.
Transient data collected from the physical model were used to calibrate the numerical model.
3.1. Physical modelling
The physical model of a typical Type-A PKW was constructed in a 1.5 m wide, 20 m long flume at the Hydraulics
Laboratory at Stellenbosch University, South Africa. The 1:7.5 scale of the model resulted in a weir height (P) of
0.4 m, an inlet key width (Wi) of 0.3 m and an outlet key width (Wo) of 0.24 m. The model, shown below in Figure 4
and Figure 5, is made up of 5 units, with two full inlet keys and two full outlet keys. As is evident in the photographs,
the physical model represents the PKW in a channel configuration (i.e. not a typical reservoir application). The airwater nature of the model and the scaling effects of surface tension (Weber number) was one of the reasons for utilizing
a relatively large model scale to ensure that the entrainment of air is suitably represented.
The model’s walls were fitted with internal conduits to allow for the measurement of dynamic pressures at a number
of locations on the sidewall as shown in the diagram in Figure 6. Additional data which were collected include
discharge, water levels and velocity vectors (using an Acoustic Doppler Velocimeter). Further details regarding the
model, the data capturing methodology and scaling are described in Denys et al. (2017).

Figure 4. PKW physical model looking downstream

Figure 5. Physical model with 300l/s flow looking upstream

3.2. Numerical modelling
The hydrodynamic numerical model was built using the Fluent module of ANSYS 18.1 (ANSYS, 2018). This
commercial software package is fully capable of modelling the complex three-dimensional dynamics of the flow field
around a PKW. The highly symmetrical nature of a PKW allows a fairly small portion of an entire PKW to be made
to represent the whole. One PKW unit was thus modelled with half an inlet key and half an outlet key. This is shown
in Figure 9.
The time-averaged hydrodynamics of the flow field are fairly straightforward to model even with a relatively coarse
grid size, 2-phase VOF, and the standard k-ω RANS turbulence model. The physical model measurements of
discharge, water level and average velocities were reliably predicted by this basic setup. The time variant behaviour
could, however, only be simulated by a model which was able to emulate the vorticity generated by the separated
shear layer at the entrance to the inlet key; in this instance, the Large Eddy Simulation (LES) turbulence module. It
should be noted that a variety of turbulence models were tested, including the k-ε, k-ω, SST, RSM, DES and LES,
though only the DES and LES models could emulate any pressure undulations when calibrated against the physical
model (not shown here). The DES and LES simulations had similar run times hence the more detailed LES model was
selected.

Figure 6. Location of pressure sensors on scaled physical model also showing viewing planes

Since the accuracy of the LES turbulence model is strongly driven by the cell grid size, no formal mesh refinement
exercise could be conducted. A finer grid would add additional finer vortices to the simulation but this finer scale
vorticity may not have any significant impact on the transient behaviour of interest, i.e. the pressure fluctuations on
the PKW sidewall. As dictated by the physical process of interest, a regular grid of cubes, 5 mm to a side, was finalized
upon in both the inlet key as well as the outlet key. Much finer grid scales down to 2 mm were used in areas of high
velocity or pressure gradients, namely the inlet key corner and the crest of the sidewall. Processes at the subgrid scale
are modelled using the WMLES S-Omega formulation.

4.

Shear boundary separation

The study of massively separated flows as a physical phenomenon is of general interest not only for academic research
into turbulence, but also since it has numerous engineering applications. It is especially of concern in the field of
aerodynamics such as aerofoil and building design where it plays a crucial role in the unsteady forces applied on the
structure (Tenaud et al. 2016). In the field of hydraulics, flow separation and the generation of vortices has been found
to occur at side labyrinth weirs (Aydin & Ulu 2017). In the present instance, as alluded to in Section 2, a region of
separation or recirculation, bounded by a free shear layer, is created at the corner of the inlet.
This boundary layer detaches at the corner and later re-attaches to the wall a short distance downstream and in doing
so encapsulates a zone of low-velocity recirculating flow. This is shown in Figure 7 and Figure 8 which present the
velocity and vorticity on a horizontal plane (plane A2 in Figure 6). This zone is continuously buffeted by the
surrounding flow and is inherently unsteady (Pearson et al. 2013). Two main mechanisms have been described which

dictate the unsteady nature and dynamics of a separation bubble, namely high-frequency vortex shedding and lowfrequency flapping (Kiya & Sasaki, 1983).
Vortex shedding occurs when the initially smooth mixing/boundary layer begins to break down through KelvinHelmholtz instabilities forming rolls which then develop into lambda or hairpin shape vortices (Tenaud et al. 2016).
These vortices are shed from the shear layer, are convected downstream and coalesce until they are discharged over
the sidewall crest of the PKW. These vortices are shown in Figures 10 and 11. The regularity of the generation and
convection of these vortices appears to be driven by the magnitude of the velocity outside the separation bubble
(Taylor et al. 2014). All other factors remaining equal, an increase in this velocity leads to an increase in the frequency
content of the shed vortices.
Flapping refers to the overall dynamic growth and sharp collapse of the recirculation region (Tenaud et al. 2016). Over
time, mass from outside of the separation zone is drawn within the zone increasing its size. When the zone becomes
too large, or when there is a short-duration low-flow undulation from the upstream turbulent water body, the mass
gets ejected from the bubble, quickly collapsing its size. There is also the very small separation zone directly on the
upstream face of the outlet key to consider (see Figure 9). This albeit small zone of almost stagnant flow also
accumulates mass over time which, when large enough, spills over the corner into the inlet key probably causing the
separation bubble there to collapse as well (Pearson et al. 2013).
Pearson et al. (2013) and Tenaud et al. (2016) present an informative history of the recent research in the field and
describe the general structure of this flow feature. Some of the main findings relevant to the present study are that:
•

wall pressure fluctuations in the reattachment zone downstream of the separated region are related to the
motion of large-scale vortices (Kiya & Sasaki, 1983). In the passage of a large vortex, a pressure minimum
occurred at the wall face and pressure maximums occurred between the passage of two vortices (Sicot et al.
2012).

•

the behaviour of the separation zone is strongly linked to any turbulence fluctuations in the upstream water
body. The intensity and the length scales of these turbulent fluctuations has an effect on the vortex shedding
and flapping of the shear layer. An increase in turbulence leads to a smaller separation zone but also leads to
an increase in the magnitude of the pressure undulations on the wall (Tenaud et al. 2016).

•

changing the shape of the upstream separation to introduce a lower separation angle (i.e. the introduction of
a nose) leads to an increase in the vortex shedding frequency (if the separation bubble is kept at the same
size). This is related to the increase in the velocity at the outer edge of the separation zone caused by the
smoother transition which then convects the shed vortices at greater speeds, i.e. higher frequencies (Taylor
et al. 2014).

The frequency content of a vortex containing flow or indeed any fluctuation is usually described using the nondimensional Strouhal number (St) which is defined as the ratio of the oscillation to the mean speed. The value of the
Strouhal number is related to the Reynolds number (Chakrabarti, 2002), however under most turbulent conditions
(2.5x102 < Re < 2.5x105) it stays relatively constant in a range from 0.18 to 0.22. In the case of the physical and
numerical model, the separation bubble thickness of approximately 0.025 m could be used as the characteristic length
with an upstream approach velocity of 0.45 m/s. Assuming a value of St = 0.2 would result in frequency content of
roughly 3.6 Hz. This frequency is indeed in the strongest range of frequencies recorded in the physical model, see
Figure 16.
It should be born in mind that the above description is a generalized one which is only applicable to an idealized two
dimensional perspective of the physical process. Even broadly, two-dimensional separation bubbles do exhibit strong
three dimensional transfers of mass from one 2D plane to another (Kiya & Sasaki, 1983). This behaviour is strongly
evident at PKWs. Due to its geometry, two distinct separation bubbles form (as indicated in Figure 10 and Figure 11),
one above the overhang corner and one below it. When viewed as a plane perpendicular to the direction of flow (e.g.
plane BB in Figure 6), these two separation zones form counter-rotating regions of flow. The lower one is the larger
and stronger of the two as it is generated by a more abrupt flow separation than the upper one which has an oblique
flow separation caused by the upstream overhang of the outlet key. The lower one has a clockwise rotation and the
upper one a counter-clockwise direction. This means that flow in between the two zones gets pulled away from the
sidewall of the PKW, leading to lower and continuously fluctuating pressures there. These two separate recirculation
zones thus have a direct impact on the pressures on the wall in addition to those pressures induced by each recirculation
zone’s vortex shedding and flapping behaviour.

Figure 7. Mean longitudinal velocity at PKW inlet corner

5.

Figure 8. Vorticity (Lambda-2) at PKW inlet corner

PKW hydrodynamics

5.1. Dynamics of the inlet key
As described in general in the previous section, the separation of flow at the inlet key edge plays a paramount role in
the hydrodynamics of the inlet key. Here follow a number of figures extracted from a data set representing a numerical
simulation with an overflow depth of H/P = 0.28. Figure 9 shows the mean longitudinal velocity at three horizontal
planes (A1, A2 and A3, see Figure 6). The two darkest shades of blue of the contour spectrum represent negative
flows on average and indicate where the recirculation zone is strongest. It is clear that there is a strong zone of
separated flow in the lower half of the PKW and a much weaker one in the upper half.
Both of these zones shed vortices as shown in Figure 11. The colour coding in this figure gives an indication of the
velocity of the flow at these locations. It shows that the largest vortex cores at the outside of the vortex sheet have the
highest conveyance velocity whereas the smaller vortices within the sheet are almost stagnant. When viewed
horizontally (Figure 12) there appears to be almost no regularity to these vortices. However, when viewed along the
plane of flow (plan CC in Figure 6), as shown in Figure 13, there is a clear periodicity to the vortices. This figure also
shows how the vortices grow and stretch as they develop.

Figure 9. Mean longitudinal velocity for three horizontal planes in the inlet key

Flow

Recirculation
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Figure 10. Vortices in inlet key (oblique view)

Figure 11. Vortices in inlet key (side view)

Figure 12. Vorticity in inlet key (three planes)

Figure 13. Vorticity in inlet key (perpendicular to main flow)

In terms of pressures on the sidewall of the PKW, Figure 14 shows the mean pressure on the sidewall of the PKW. It
indicates that upstream of the weir, pressure is broadly hydrostatic and that there is a sharp drop inside the separation
zone at the entrance of the inlet key. Outside the recirculation zone, total pressure increases up to a level slightly lower
than the upstream pressure, due to the higher velocity in the key.
As described above, the wall is buffeted by a vortex sheet which leads to pressure fluctuations on the sidewall. These
are depicted in Figure 15, and clearly show that the strongest fluctuations, here reflected as the rms value, all appear
in the zone where vorticity is strongest. It is noteworthy that these pressure undulations are strongest at the weakest
portion of the structure, i.e. where the structure is most susceptible to these fluctuations.
Besides the amplitude of the pressure signal, the frequency of this signal is also of importance. The frequency content
of one of the pressure points recorded on the physical model is shown in Figure 16. It clearly shows that an increase
in the discharge leads to an increase in the energy or strength of the pressure undulations. However, these remain at
approximately the same frequency. The signal is dominated by a relatively low frequency centred around 5 Hz, which
is presumably the periodic flapping of the free shear boundary layer. There is also a smaller peak around 20 Hz which
may be related to the vortex shedding from the recirculating zone. Although not shown here, there are other locations
on the sidewall where higher frequencies in the order of 50-60 Hz were noted, albeit at much lower energies.

Figure 14. Mean pressure on PKW sidewall

Figure 15. Pressure RMS on PKW sidewall

Figure 16. Frequency content of a pressure point located in the reattachment zone at various discharges.

5.2. Dynamics of the outlet key
The dynamics of the outlet key are challenging to study, especially the region underneath the overflow nappe. The
two-phase flow, enclosed nature of the nappe and the high velocities in the region make recording of sensor data in a
physical model difficult. A numerical model, however, allows for the various processes to be observed in detail.

Figure 17 shows one such process, namely the aeration of the underside of the nappe. It depicts the fluid velocities at
a cross section view along a longitudinal plane in the outlet key a short distance away from the sidewall. The water
body has been blanked out for clarity thus revealing the air velocities under the nappe. Although there is a great deal
of air movement, the key point of interest is the apex of the conical air bubble where large velocities are noted.
The momentum of the flow originating from the upstream outlet key crest pushes the air bubble downstream. At the
same time the lateral momentum from the flow over the sidewall nappe pushes this flow to the side thus leaving a
cavity of lower pressure. If there is access to sufficient quantities of air (i.e. if the nappe is artificially aerated or if the
nappe is broken), this zone of low pressure is filled with a rush of air. This momentum balance between the various
flow trajectories is highly unstable however, meaning that the equilibrium location of the nappe bubble apex is
continually adjusting, with air rushing in and out to suit.
During higher flows, there is partial submergence of the upper portion of the outlet key. The location of the bubble
apex then moves farther downstream nearer to the middle of the PKW sidewall. It is here that the periodic pressure
fluctuations between full hydrostatic water and air pressure are felt at their maximum. Simultaneously, the pulsating
pressures on the upstream of the wall also reach higher levels at these higher flows.
It is clear that aeration of the underside of the nappe is important. There are various ways in which this can be achieved.
Many PKW prototypes have been fitted with aeration pipes (Vermeulen et al. 2017). Furthermore, there is also some
research on the placement of nappe breakers or splitters on labyrinth weirs (Crookston & Tullis, 2012).

Figure 17. Nappe profile in the outlet key just downstream of the sidewall showing air velocity

6.

Conclusion

Piano key weirs are novel and useful structures in the field of river and dam hydraulics. They exhibit unique transient
hydrodynamics in both the inlet and outlet keys. In the inlet key, the formation of a recirculation zone behind a free
shear layer, at the entrance edge, causes the development of a vortex sheet in this key. This separation bubble, as it is
also known, is an unstable feature as it periodically collapses releasing large rolling vortices in addition to the smaller
vortices which are continually being shed by the free shear layer. These vortices, develop and roll up as they move
downstream and are eventually discharged over the crest of the PKW. Their movement over the PKW sidewall induces
fluctuating pressures on this wall which are strongest at a location where the wall is most susceptible to these pressures,
namely the upper middle of the wall.
In the outlet key, the interplay between the longitudinal outlet key flow and the transverse sidewall nappe, creates a
zone of negative pressure underneath the nappe close to the sidewall. This negative pressure is readily relieved by air
which rushes in, however, the location of this zone’s apex is highly unstable as it is continuously finding a new
equilibrium based on the various momentum forces acting upon it. At high flow this oscillating zone of pressure also
occurs at the location where the wall is most susceptible to them, i.e. the upper middle of the wall.
The balance between the pressure related forces on the upstream and downstream side of the sidewall is the subject
of on-going research.
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